INTRODUCTION
CAMP-dependent protein kinase (PKA) plays a crucial role in the regulation of metabolic pathways by means of enzyme phosphorylation (Walsh & van Patten, 1994) . Furthermore, it modulates the function of nuclear factors that bind to DNA sequences present in the promoter regions of CAMP-inducible genes (Lalli & Sassone-Corsi, 1994) . In fungi, PKA appears to be involved in the control of the activity of a large number 
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of enzymes. PKA has a role in aerobic germination of the dimorphic fungus Mucor rouxii (Rossi & Moreno, 1994) and in differentiation processes of the slime mould Dictyostelium discoideum (Mann & Firtel, 1993) . The most detailed investigation on the function of PKA in signal transduction has been carried out with Saccharomyces cerevisiae (Thevelein, 1994) . In S. cerevisiae, PKA activity is essential for growth, cell cycle progression, sporulation and sensitivity to various forms of stress (Toda et al., 1987b) . PKA mediates the expression of cytosolic catalase T (CTTI) (Marchler et al., 1993) , an HSP70 gene (SSA3) (Boorstein & Craig, 1990) and trehalose phosphate phosphatase (TPS2) (Gounalaki & Thireos, 1994) .
In the filamentous fungus Aspergillus niger, 6-phosphofructo-l-kinase seems to be phosphorylated by PKA (LegiBa & Bencina, 1994) , possibly influencing the rate of glycolysis. PKA might also be involved in morphology changes in A. niger during an early stage of citric acid fermentation, because the morphology changes coincide with changes in CAMP concentration (Legisa & Grapulin-Gradihik, 1995) . According to its mechanism of activation PKA is one of the simplest members of a large protein kinase family. In most cases the inactive form of PKA is a tetrameric protein composed of two regulatory and two catalytic subunits. Upon binding of CAMP, inactive PKA dissociates into two active catalytic subunits and a dimer of regulatory subunits. Several isoforms of PKA subunits, encoded by distinct genes, have been identified in higher eukaryotes (Dmkeland et al., 1993) . In mammals three different genes encoding distinct catalytic subunits (Ca, CP, Cy) have been found, whereas two types of regulatory subunits have been isolated and four different genes encoding PKC-R have now been identified (Taylor et al., 1992) . It seems that the presence of only one type of regulatory subunit is the rule in lower eukaryotes (Mutzel et al., 1987; Toda et al., 1987b) . Genes encoding the catalytic subunit of PKA have been isolated from a number of fungi including Magnaporthe grisea (Mitchell & Dean, 1995) , S. cerevisiae (Toda et al., 1987a) , Blastocladiella emersonii (de Oliveira et al., 1994) , Schizosaccharomyces pombe (Maeda et al., 1994) and D. discoideum (Mann & Firtel, 1991) . In S. cerevisiae three isoenzymes of the catalytic subunit have been found (Toda et al., 1987a) . PKA was purified from the fungi Neurospora crassa (Powers & Pall, 1980) and Mucor rouxii (Pastori et al., 1985) , qnd more recently also from A. niger (Legiia & Bencina, 1994) . PKA from D. discoideum differs in structure from the others: it is a dimeric protein composed of one catalytic and one regulatory subunit (Mutzel et al., 1987) . In order to analyse the A. niger PKA in more detail and to study its role in the regulation of glycolysis and morphology, cDNA and genomic DNA clones of the catalytic subunit of PKA have been isolated and sequenced and A. niger strains overexpressing the cloned gene constructed.
METHODS
Strains and plasmids. The A. niger strains used were : A. niger wild-type N400 (CBS 120.49) and A. niger NW219 [cspAl nicAl leuA2 pyrA61, which was used for transformation. Escherichia coli DH5a [F-lendAl hsdR17 (r; m;) supE44 thi-1 recAl gyrA (Nal') relAl A(lacZ2YA-argF) U169 deoR (480 dlac A(1acZ) MlS)] (New England Biolabs) was used for propagation of plasmid DNA and E. coli LE392 [A(lacZZY)6 galK2 galT22 metBl trpR55 1-1 (Promega) and BB4 [LE392, A(argF-lacZ)U169 F' lacZqZAM15 proAB TnlO (Tet')] (Stratagene) were used for phage amplification and purification. Phage R408 (Stratagene) was used as a helper phage for phagemid excision. Plasmid vector pGEM-T (Promega) was used for cloning PCR fragments, pBluescript KS (Stratagene) was used for subcloning and plasmid pGW635 containing the A. niger orotidine-5-phosphate decarboxylase (pyrA) gene (Goosen et al., 1987) was used as selection plasmid in transformation of A. niger.
Culture media and growth conditions. For the preparation of conidiospores A. niger strains were grown at 30 "C for 3-4 d on complete medium, originally described for Aspergillus nidulans (Pontecorvo et al., 1953) , using 2 ' / o (w/v) glucose as a carbon source unless stated otherwise, with appropriate supplements and solidified with 1.5% (w/v) agar. In liquid cultures the mycelium was grown by inoculating lo6 conidiospores ml-' in medium containing, per litre : 6 g NaNO,, 1.5 g KH,PO,, 0.5 g KC1, 0.5 g MgSO,. 7H,O, pH 6-0, 0.2 ml trace metal solution (Visniac & Santer, 1957) , 1 g yeast extract and 1 g Casamino acids, using 2 % (w/v) glucose as a carbon source and appropriate supplements, which are, for A. niger NW219, 1 mg nicotinamide, 200 mg leucine and 1200 mg uridine. The mycelium was grown at 30 "C in a rotary shaker (New Brunswick) at 250 r.p.m. (1988) . Propagation of plasmid DNA, isolation of plasmid DNA, Southern blot analysis and other DNA manipulations were essentially done as described by Sambrook et al. (1989) . [a-32P]dATP-labelled probes were synthesized using random hexamer primers (Sambrook et al., 1989) . Sequencing was done using the dideoxy chain-termination procedure (Sanger et al., 1977) with the T7 DNA polymerase sequencing kit (Pharmacia). For sequence determination, DNA restriction fragments were subcloned into pBluescript vectors and sequenced with the M13 universal, reverse and gene-specific oligonucleotide primers. Sequence analysis was done using the PC/GENE (Intelligenetics) program and the GCG suite. Digital images of autoradiograms were acquired using a CCD camera. The composite image of the Northern blot analysis was created using the CorelDraw 4.0 software package.
Chemicals and enzymes.
RNA manipulation. For isolation of A. niger total RNA, TRIZOL (Life Technologies) was used. Poly(A)+ mRNA was isolated by oligo(dT) column chromatography (Sambrook et al., 1989) . For Northern blot analysis, 15 pg RNA aliquots were separated on formaldehyde agarose gels, blotted to nylon membranes (Hybond-N, Amersham) and hybridized with BSA fraction V, 100 pg denatured herring sperm DNA ml-', 0.5% SDS and 50% formamide. The blots were washed under conditions of high stringency at 65 "C with 0.3 M NaC1,0.03 M disodium citrate, 0.5% SDS, pH 7.0 (homologous conditions) or under conditions of low stringency at 56 "C with 0.6 M NaCl, 0.06 M disodium citrate, 0-5 ' / o SDS, pH 7.0 (heterologous conditions). Transformation of A. niger. Mycelium was prepared by growing A. niger NW219 in liquid culture on complete medium with appropriate supplements for 16-18 h. The preparation of protoplasts and subsequent transformation of A. niger NW219 were performed essentially as described by Kusters-van Someren et al. (1991) . The A. niger pyrA gene was used as a selection marker. For transformation, 1 pg pGW635 DNA and 20 pg of the co-transforming plasmid pPKACl were added to 2 x lo7 protoplasts.
Isolation of the genomic and cDNA clones. The A. niger pkaC and the corresponding cDNA clone were isolated by homologous hybridization, using a PCR-generated fragment (see below) as a probe, from an A. niger N400 genomic library in the i replacement vector EMBL4 (Promega) (Harmsen et al., 1990 ) and a cDNA library from A. niger N400 glucoseoxidase-induced mycelium in Z A P I1 (Stratagene) (Witteveen et al., 1993) , respectively. Plasmids containing the cloned cDNAs were obtained from the Z A P I1 phages by in vivo excision according to the manufacturer's instructions.
Polymerase chain reaction (PCR). Phage DNA (200 ng), isolated from the amplified glucose-oxidase-induced cDNA library (see above) was used as a template in the PCR. The 100 pl reaction volume contained 50 mM KCl, 1.5 mM MgCl,, 10 mM Tris/HCl pH 9.0, 200 pM dNTPs, 2.5 U T a q DNA polymerase and degenerate primers PA (0.264 nmol; 5'-YANAARCARRTNGARCA-3') and PB (0-132 nmol ; 5'-CCACCARTCNACNGMYTT-3'). Conditions for PCR were: 3 min at 95 "C; three cycles of 95 "C/1 min, 35 "C/1.5 min and 72 OC/1 min; 30 cycles of 95 "C, 43 "C and 72 "C, each of 1 min. The final elongation step was done at 72 "C/5 min.
Reverse transcription PCR (RT-PCR).
Poly(A)+ mRNA (100 ng) was denatured for 10 min at 68 "C in the presence of 1 pM primer P9 (5'-CAGAGGTATGATGGGCA-3') ( Fig. 2) . Subsequently the reverse transcription buffer (50 mM Tris/HCl pH 8.3, 75 mM KC1, 3 mM MgCl,, 10 mM DTT, 500 mM dNTPs) and 200 U M-MuLV reverse transcriptase were added and the mixture was incubated at 42°C for 1 h. One-fourth of this reaction was used in a 100 pl PCR reaction with 300 nM of primers P9 and P11 (5'-GTTTAGGAGGTTTGCTG-3') ( NaCl, and frozen in liquid nitrogen. The frozen mycelium (0.5 g ) was ground and suspended in extraction buffer (25 mM Tris pH 7-4,10 mM MgCl,, 0.15 M NaCl, 1 mM DTT, 1 mM EDTA). After 30 min extraction the homogenate was centrifuged at 1OOOOg for 10 min. The clear supernatant was used for the enzyme assay. Two-to tenfold dilutions of cell extracts (the protein concentration of cell extracts was around 2 mg ml-l) were used. The enzyme activity was measured by the nonradioactive Spinzyme (Pierce) method with dye-labelled Kemptide as a substrate according to the manufacturer's protocol. The incubation time of an assay was 30min at 30 "C. A unit of enzyme activity is defined as the amount of enzyme required to transfer 1 pmol phosphate from ATP to substrate (Kemptide) min-l at 30 "C. PKA-C enzyme (bovine heart, Pierce) with known activity was used as a standard.
Protein concentrations were determined by the bicinchoninic acid protein assay kit (Sigma) according to the supplier's instructions. Bovine serum albumin (fraction V) (Boehringer) was used as a standard.
Primer extension mapping. Poly(A)' mRNA was isolated from mycelium grown for 20 h. Poly(A)+ mRNA (6 pg) and primer P12 (5'-TTCTTCAGCAAACCTCC-3') ( Fig. 2 ) (5 pg) were used for primer extension mapping, which was performed according to Calzone et al. (1987) with minor modifications. The reaction products were analysed on a denaturing polyacrylamide gel parallel to a dideoxy sequence reaction of genomic pPKACl clone using primer P12.
RESULTS

Cloning of the pkaC gene
The primers used for preparation of a probe by PCR were based on well-conserved regions of eukaryotic PKA-C proteins. T o avoid possible introns interfering with proper primer annealing, cDNA from A. niger N400 was chosen as a template. Under the empirically determined conditions, as described in Methods, a product of approximately 420 bp was found (data not shown). Sequence analysis of this fragment revealed high similarity with the pkaC of other organisms.
The A. niger N400genomic and cDNA libraries were screened by homologous hybridization using the 420 bp PCR product as a probe. Screening of lo5 p.f.u. of the genomic and the cDNA library resulted in 50 positive genomic clones and two positive cDNA clones. Five genomic phages and both cDNA phages were purified. The genomic phages were characterized by restriction analysis and a 5 kbp EcoRI fragment was isolated and cloned in pBluescript, resulting in plasmid pPKACl (Fig.  1) . The cDNA clones were found to be identical and were isolated by in vivo excision, resulting in plasmid pPKAC2, for which a detailed restriction map is also given (Fig. 1) .
Although isoforms of PKA-C exist in several organisms, low-stringency hybridization did not reveal the existence of any other pkaC homologue in A. niger N400.
Sequence of the pkaC gene and primary structure of its deduced protein
The nucleotide sequence of the 3245 bp EcoRI-XbaI fragment of pPKACl was determined from both strands (Fig. 2) . The cDNA clone was sequenced to establish -- Aspergillus niger pkaC intron borders. Since the isolated cDNA clone pPKAC2 was shorter than the coding region of pkaC, RT-PCR was used to determine the presence of possible introns in the region upstream of the cloned cDNA. It was found that the part of pkaC lacking in pPKAC2 was not interrupted by introns. The structural region is interrupted by three short introns, 67 bp, 61 bp and 65 bp in length (Fig. 2) . The positions of all three introns found in pkaC of A. niger are conserved between A. niger and Magnaporthe grisea (Mitchell & Dean, 1995) , suggesting that the pkaC genes of these fungi are closely related. The presence of introns has also been reported for pkaC genes of Caenorhabditis elegans (Gross et al., 1990) and Blastocladiella emersonii (de Oliveira et al., 1994) . The borders of intron B (5' GTAAGC and 3' AAG) do not fit to the consensus sequence as proposed by Unkles (1992), whereas they do in introns A and C. Similar aberrant 3' and 5' splice sites were found in the A. niger var. awamori glaA gene and in the pelA gene of A. niger (Unkles, 1992) .
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Primer extension analysis (data not shown) revealed that the major transcription start point is located 41 nt upstream from the deduced AUG start codon. A putative TATA box (ATAATA) is found 20 nt upstream from the transcription start point (-61 nt from the start codon) and a putative CCAAT box is found upstream at position -292. The promoter region has long stretches of CT-rich regions, five CCCCT elements (C,T or inverse complement) and an AT-rich region between positions -580 and -630 (Fig. 2) .
Downstream of the proposed stop codon, the mRNA still contains 727 nt of non-coding area as indicated by the cDNA sequence. A putative polyadenylation signal AATAAA is found 702 bp downstream from the stop codon (Fig. 2) .
The deduced length of the mRNA is 2204 nt, containing a 1440 nt open reading frame encoding a 480 aa protein (Fig. 2) . The calculated molecular mass of the protein is 53813 Da and the theoretical isoelectric point is 7.8.
Statistical analysis of codon usage showed that a wide range of codons is used for pkaC. A relatively high frequency of codons using A in the third position was found. The most striking difference from most fungal genes was found in the case of Lys and Gln, for which 36% and 41% of the codons were AAA and CAA, respectively. These codons are hardly ever used in the currently known A. niger genes. with the PKA-C of lower eukaryotes when only the catalytic core is considered (Fig. 3) . The N-terminal extension of PKA-C of A. niger shows no significant homology with the Nterminal extension of PKA-C of lower eukaryotes except for the extreme N-terminal part of the ascomycete M . grisea PKA-C (underlined in Fig. 3) .
Transformation of A. niger with the pkaC gene
Co-transformation of A. niger with pGW635 and pPKACl and subsequent expression analysis was performed to prove the functionality of the cloned gene. From 80 transformants, initially selected for uridine prototrophy, over 50 Yo were phenotypically different from the parental strain, NW219. Some of the transformants lacked or had retarded sporulation ; others had dense sporulation. Sporulation defects were accompanied by slow growth. During preservation the transformants showing no or retarded sporulation turned out to be very unstable and reverted to the phenotype of the parental strain (Fig. 4) . We were not able to maintain these phenotypes. Four apparently stable transformants were chosen for further analysis. Southern analysis revealed single-copy ectopic integrations for transformants w l , 3 and 13 and multicopy ectopic integration for transformant 53. In contrast to strain 53, no obvious rearrangements of integrated pkaC copies were present in transformants w l , 3 and 13 (data not shown).
Expression of pkaC
Northern blot analysis of total RNA of the transformant and wild-type strains using the NsiI-NcoI fragment of pkaC as a probe (Fig. 1) showed two-to fourfold increased levels of mRNA in transformed strains w l , 3 and 13. Strain 53 showed a truncated mRNA and an increased level of mRNA of the size of the wild-type (Fig. 5 ) . The results of the Northern analysis were also confirmed by dot-blot analysis (data not shown). The level of overexpression is slightly higher, as might be expected from the single copy integrations. This discrepancy might be caused by the genomic environment of the integration site, or a specific regulatory mechanism such as titration of a specific repressor protein.
In order to prove that the transcribed pkaC was also translated, PKA-C activities were measured in cell extracts of A. niger NW219 and transformants. Elevated levels of PKA-C activity were found in the transformed strains w l , 3 and 13, with the highest activity measured in strain 13. Strain 53 had the same enzyme activity as the wild-type A. niger strain NW219 (Table 1) been caused by the observed instability of the non-or low-sporulating strains.
Phenotypic characterization of pkaC-overexpressi ng strains
The conidiospores of a few selected transformants were plated on minimal medium agar plates with different M. BENCINA a n d OTHERS (Beushausen et al., 1988) , Caenorhabditis elegans (Gross et al., 1990) , Schixosaccharomyes pombe (Maeda et al., 1994) and Blastocladiella emersonii (de Oliveira et al., 1994 niger PKA-C, whereas they do not contain the autophosphorylation site (Ser-338 in bovine PKA-C), which is conserved in higher eukaryotes (Fig. 3 , Taylor et al., 1992) . The catalytic subunit of the A. niger PKA is rather large compared to the PKA-C of higher eukaryotes due to its N-terminal extension. The N-terminus contains a relatively high amount of polar and charged residues and a relatively high amount of rare codons like AAA and CAA (Fig. 3) . Whether the N-terminus might play a role in cellular localization, subunit interaction or a translational regulatory mechanism is unknown. No Nterminal extensions have been found in organisms containing more than one pkaC gene. Based on the consensus for strong AUG initiation codons, as defined by Arst 8c Sheerins (1996) , the context of the first inframe initiation codon allows leaky scanning, possibly resulting in three different proteins, one starting at Met-1, one starting at Met-100 and one starting at Met-139 (Fig. 2 ) . Differential transcription, splicing or posttranslational modifications of the unique pkaC gene or its transcript might also result in isoenzymes. Transformation of gene fusions of an inducible promoter and the A. niger pkaC at Met-100 and Met-139 resulted in strains which showed almost no or no growth on solid media containing an inducing carbon source (M. Bencina, unpublished results). These results indicate that the truncated proteins are still active or still capable of binding PKA-R.
Characterization of the A. niger pkaC promoter region revealed that a putative TATA-box and CAAT-box are present in the promoter. These elements are fairly conserved among fungi both with respect to composition and in their distance to the translation start point, although some fungal genes do not contain recognizable TATA-boxes at all (Unkles, 1992). The AT-rich region present in fungal promoters might cause unwinding and prevent nucleosome formation, making the gene more accessible to the transcriptional machinery and allowing constitutive expression (Struhl, 1985) .
The importance of C4T motifs for pkaC expression regulation is unclear. In Sacch. cerevisiae, C4T boxes were found in the promoter of the stress-response gene DDR2 (Kobayashi & McEntee, 1993) and of the CTTZ gene, encoding cytosolic catalase T (Marchler et al., 1993) . The C,T elements of the C T T l gene appear to be responsible for a four-to tenfold increase in transcription upon stress. The expression of A. niger pkaC also increased upon osmotic shock and temperature stress (data not shown). However, whether the C,T elements play any role in the stress response of this promoter remains to be established.
The long distance between the stop codon and the proposed polyadenylation signal (702 bp) is rather unusual for A. niger. Also, a rather low codon bias is found. Highly expressed genes tend to have a preferred subset of sense codons with a low percentage of A at the third position (Unkles, 1992). The Lys codon AAA, which does not appear at all in most of the published A.
niger genes, appears nine times in PKA-C, suggesting that this might influence pkaC expression levels. Our data indicate that expression of pkaC appears to be fairly constant but can be elevated by certain stress conditions.
Phenotypic features
Co-transformants were initially selected on the basis of morphological differences. Similar to the situation in Sacch. cereuisiae, A. niger multicopy transformants grew more slowly than the parental strain. The growth tests indicated that even moderate overproduction of pkaC affected the growth and sporulation characteristics of A. niger transformants. Growth on medium containing 5 mM CAMP almost eliminates the phenotypic difference between wild-type and transformant strains that is observed on all other media tested. The overexpression of pkaC is thus likely to be responsible for the observed effects. A Sacch. cereuisiae strain in which the BCYZ gene, encoding PKA-R, was disrupted, shows uncontrolled pkaC activity. This strain is unable to grow on acetate, glycerol and pyruvate, but does grow on glucose. Diploid strains homozygous for the BCYZ disruption were also unable to sporulate. Even though PKA-R is not essential for growth of Sacch. cereuisiae, uncontrolled PKA-C activity does interfere with spore germination (Toda et al., 1987b) . A Sacch. cereuisiae (tpkZ tpk2 TPK3 BCYZ) strain containing TPK3 on a high-copy-number plasmid under the control of the GAL2 promoter even failed to grow in the presence of galactose (Mazon et al., 1993) . Measurements of PKA-C and PKA-R in Mucor rouxii clearly showed that before germination started PKA-R was present in excess relative to PKA-C. Upon germination, PKA-C slowly increased (Rossi & Moreno, 1994) . In Dictyosteliurn discoideum, unrestrained activity of PKA-C leads to uncontrolled spore formation even under conditions where the wild-type does not sporulate. The same conditions also prematurely trigger terminal cell differentiation (Simoni et al., 1992 Aspergillus niger pkaC reduction of the pkaC copy number or specific suppressor mutations. The overexpression of pkaC in A. niger did not severely affect viability but resulted in unstable transformants which were hard to maintain. The effect of disruption of the gene is currently unknown ; however in Magnaporthe grisea no apparent effects on the vegetative growth rate or conidiation were found in uitro (Mitchell & Dean, 1995) .
In order to be able to overexpress the PKA-C of A. niger for further in vitro protein phosphorylation studies we have adopted two strategies : expression of pkaC under control of an inducible promoter, and cloning and coexpression of the gene encoding the regulatory subunit.
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